A novel bacterial strain Klebsiella sp. Y1 was isolated from the soil of a constructed wetland, and it was identified based on the 16S rDNA sequence analysis. The co-metabolic degradation of nicosulfuron with glucose by Klebsiella sp. Y1 was investigated. The response surface methodology analysis indicated that the optimal pH and temperature were 7.0 and 35 W C, respectively, for the degradation of nicosulfuron. Under the optimal conditions, the degradation of nicosulfuron fitted
INTRODUCTION
Nicosulfuron (2-[(4,6-dimethoxypyrimidin-2-ylcarbamoyl)sulfamoyl]-N,N-dimethylnicotinamide, C 15 H 18 N 6 O 6 S) is a representative sulfonylurea herbicide, which has been widely used to control broad-leaved weeds and grasses in cereals (Xu et al. ; Kang et al. ; Lu et al. ; Peng et al. ) . Although nicosulfuron has low toxicity to humans and other animals, it can cause groundwater pollution due to its strong transferability (Regitano & Koskinen ) . The characteristics of low volatility and photo-degradation, as well as long persistence, have also raised increasing concerns about its contamination (Si et al. ) . Therefore, it is important to develop proper strategies to eliminate nicosulfuron residues in the environment.
It has been reported that chemical hydrolysis and microbial degradation are the major removal processes for sulfonylurea herbicides (Delgado-Moreno & Pena ; Berger & Wolfe ). For nicosulfuron, Sabadie () indicated that its hydrolysis mainly occurred under acidic conditions, while it was stable under alkaline conditions. To date, several bacterial strains degrading sulfonylurea herbicides have been isolated (Luo et (), Zhang et al. () and Song et al. () isolated Bacillus subtilis YB1, Serratia marcescens N80 and Talaromyces flavus LZM1 to degrade nicosulfuron. These three strains were all isolated from activated sludge, but when herbicides are really used in farmland, soil pollution may occur directly. Therefore, it is necessary to isolate strains from polluted soil so as to provide information for biological remediation of nicosulfuron contaminated environments.
In a natural environment, the easily biodegradable substances may be preferred as sources of carbon and energy for the biodegradation of the toxic herbicides, resulting in co-metabolic degradation of herbicides (Luo et al. ; Zhang et al. ) . Therefore, the microbial bioremediation in virtue of co-metabolism has received increasing attention. In the previous studies, several g L À1 of additional carbon sources were used for co-metabolic degradation of nicosulfuron by the isolated strains (Kang et al. ; Zhang et al. ; Song et al. ) . They reported that the removal of nicosulfuron was complete due to the biodegradation by the isolated strains. However, this removal mechanism was ambiguous as they did not consider the hydrolysis of nicosulfuron because a high level of organic substrates under anaerobic conditions may produce volatile fatty acids (VFAs) due to the occurrence of acidification, which may cause pH decrease of the system (Yuan et al. ; Pratt et al. ) . As hydrolysis of nicosulfuron occurs under acidic conditions (Sabadie ), hydrolysis should be involved in its removal mechanism. Therefore, the removal mechanism of co-metabolic degradation of nicosulfuron needs to be reinvestigated. The aim of this study was to elucidate the removal of nicosulfuron by pure strain isolated from the soil of a constructed wetland. Firstly, the isolated strain was identified based on 16S rDNA sequencing analysis. Secondly, the degradation conditions by the isolated strain were optimized using response surface methodology (RSM) analysis, and kinetics were further developed. Finally, the intermediates produced during the degradation of nicosulfuron were identified and the degradation pathway was proposed.
MATERIALS AND METHODS

Chemicals and culture medium
Sources of chemicals and reagents are provided in the Supplementary Information (Text S1; the Supplementary Information is available with the online version of this paper). The strain was grown on the nicosulfuron and glucose-containing mineral salt medium (GMSM), and the composition of the GMSM is supplied in Text S2.
Isolation of bacterial strain
The inoculant was obtained from the soil in a constructed wetland. The initial enrichment culture was established by taking 10 g soil from the constructed wetland and then inoculating the soil using 200 mL sterilized GMSM containing 20 mg L À1 of nicosulfuron in brown Erlenmeyer flasks (500 mL) on a rotary shaker at 125 r min À1 and 30 W C. After 2 days of incubation, a portion of the mixed liquor (5%, wet weight) was then taken and inoculated into another flask with fresh GMSM and nicosulfuron. After six more transfers at 48 h intervals, the culture was purified by serially streak plating onto solidified medium containing nicosulfuron (20 mg L
À1
). Finally, three pure strains were obtained, and they were named Y1, Y2 and Y3, respectively.
Optimization of the degradation conditions of nicosulfuron by the isolate
The pH (x 1 ), temperature (x 2 ) and initial nicosulfuron concentration (x 3 ) were the three important factors influencing the degradation of nicosulfuron. Based on the preliminary experiments, the ranges were chosen as 6.0-9.0 W C, 20-40 W C and 20-100 mg L
À1
, respectively. RSM based on Central Composite design was used to optimize the degradation conditions. The experimental design matrix are generated and shown in Table S1 (available with the online version of this paper). The experimental data were then regressed using the second-order polynomial equation (Equation (1)):
where Y is the predicted response; x i and x j are variables; β 0 is the constant; β i is the linear coefficient; β ii is the quadratic coefficient; and β ij is the interaction coefficient.
Degradation of nicosulfuron by the isolate at the optimal pH and temperature
In order to investigate the degradation of nicosulfuron and the growth of microorganisms at different initial concentrations (20, 40, 60, 80 and 100 mg L
À1
), batch experiments were conducted using 500 mL brown Erlenmeyer flasks (working volume ¼ 200 mL, pH ¼ 7.0 and T ¼ 35 W C). After the addition of nicosulfuron and the isolate (OD 600 ¼ 0.005), the flasks were shaken on the rotary shaker (125 r min À1 ). Aliquots of 10 mL of water samples were collected at regular intervals by gas-tight syringes. Aliquots of 5 mL of the collected water samples were used for determining the OD 600 of the microorganisms. The remaining water samples were used for nicosulfuron quantification. The specific degradation rates of nicosulfuron were achieved by regressing experimental data using the first-order kinetics equation. In order to investigate the inhibitory effect of nicosulfuron, the Haldane inhibition model was selected (Equation (2)):
where r is the specific degradation rate of inhibitory substrate (d
); r max is the maximum specific degradation rate of inhibitory substrate (d ). The kinetics parameters were obtained using a nonlinear least-square regression method by MATLAB 7.10 software (MathWorks Inc., USA).
Removal mechanism of nicosulfuron by the isolate
In order to identify the degradation intermediates, water samples during the degradation of nicosulfuron (pH ¼ 7.0, T ¼ 35 W C) were collected and analyzed using UV-vis, high performance liquid chromatography (HPLC) and ultra performance liquid chromatography/electrospray ionization tandem mass spectrometry (UPLC-ESI-MS). During the degradation experiments, acetic acid was formed (other VFAs were not determined) and pH decreased. In order to further elucidate the removal mechanism of nicosulfuron, the hydrolysis of nicosulfuron (pH ¼ 4.0 and 7.0) and co-metabolic degradation with lower glucose concentration (100 and 500 mg L À1 ) were investigated. In addition, the hydrolysis (pH ¼ 3.0, 4.0, 5.0, 6.0 and 7.0) and biodegradation experiments of 2-amino-4,6-dimethoxypyrimidine (the intermediate of nicosulfuron) were also conducted. Except where otherwise stated, the operational conditions were the same with the previous degradation experiments.
Analytical method
Nicosulfuron was quantified using HPLC (Agilent Technologies 1200 Series) with UV detector. Degradation products of nicosulfuron were determined using UPLC-ESI-MS (ESI source, TAQ Quantum, Thermo Fisher Scientific Inc., USA) with an Eclipse XDB C18 column (150 × 2.1 mm, 3.5 μm; Agilent). The details of instrumental conditions are provided in Text S3. The growth of organisms were measured by monitoring OD at 600 nm using a spectrophotometer (UV-2600A, Unico, USA). The analyses of 16S rDNA sequencing and phylogenetic tree were conducted according to our previous study (Wang & Li ) . VFAs produced during the degradation of nicosulfuron were analyzed according to the literature (Chen et al. ) . UV-vis analyses were performed by a UV-visible spectrophotometer (Cary 50 Conc, Varian, USA).
RESULTS AND DISCUSSION
Isolation and identification of nicosulfuron degrading bacteria
Enrichment and isolation resulted in three morphologically different strains named Y1, Y2 and Y3, respectively ( Figure S1 , available with the online version of this paper). However, only the strain Y1 showed high removal efficiency for nicosulfuron ( Figure S2 , available online). Thus, the strain Y1 was selected for further investigation. The strain Y1 showed as yellowish white, smooth on the surface and trim on the edge. Based on the 16S rDNA sequence amplification and compared with sequences published in the GenBank database, the strain Y1 exhibited the highest similarity values with Klebsiella pneumoniae TJ-A (FJ796201.1) (Figure 1) . The bacterial strain of Klebsiella sp. Y1 was assigned a number KF813008.1 in GenBank.
Optimization of the degradation conditions of nicosulfuron by Klebsiella sp. Y1
The removal efficiencies of nicosulfuron according to the experimental design matrix are shown in Table S1 . After regression analysis using the obtained removal efficiencies, the degradation of nicosulfuron was described as follows:
where Y Y1 is the predicted nicosulfuron removal efficiency; x 2 , x 2 and x 3 are the actual values for pH, temperature and initial nicosulfuron concentration, respectively. The adequacy of the model was further justified through the analysis of variance (ANOVA) ( Table S2 , available online). The results indicated that pH and temperature were significant terms, whereas initial nicosulfuron concentration and the interaction terms were insignificant. The threedimensional response surface plotting the effects of pH and temperature on the degradation of nicosulfuron by Klebsiella sp. Y1 is shown in Figure 2 Degradation of nicosulfuron by Klebsiella sp. Y1 at the optimal temperature and pH
Degradation of nicosulfuron and the growth of Klebsiella sp. Y1 at the optimal pH and temperature are shown in Figure 2 (b). At first, the isolate needed time to adapt to the new environment, so the degradation lagged for a while. After the bacteria adapted to the new solution, nicosulfuron degraded rapidly. The results indicated that Klebsiella sp. Y1 had strong degradation potential for nicosulfuron when its initial concentration was in the range of 20-100 mg L À1 .
However, the specific degradation rate decreased from 0.043 to 0.031 d À1 when its initial concentration increased from 20 to 100 mg L À1 (Table S3 , available online). Zhang et al. () also indicated that the degradation rate of nicosulfuron by Serratia marcescens N80 decreased with the increase of its initial concentration. Haldane inhibition model was further selected to investigate the inhibitory effect of the degradation of nicosulfuron (Figure 2(c) ). The experimental results were well described by Haldane model (R 2 ¼ 0.9369). The optimal kinetic parameters calibrated using the experimental data were as follows:
Removal mechanism of nicosulfuron by Klebsiella sp. Y1
Identification of intermediates during the degradation of nicosulfuron
In order to further prove the degradation of nicosulfuron by Klebsiella sp. Y1, UV-vis absorbance spectra of water samples at 0, 4, 6 and 13 d were measured in the range of 190-350 nm ( Figure S3 , available online). At the beginning of the degradation (0 d), the maximum of absorbance was at 240 nm; with the degradation proceeding, the maximum of absorbance shifted to 265 nm at 6 d. Finally, the intensity of the absorbance at 265 nm decreased at 13 d. The results indicated that the degradation of nicosulfuron occurred and the intermediates were formed. This was also confirmed using HPLC analysis, as we detected another peak besides nicosulfuron during its degradation ( Figure S4 , available online). In order to further identify the produced intermediate, water samples were analyzed using UPLC-ESI-MS. 
Removal mechanism of nicosulfuron
During the degradation of nicosulfuron, pH and VFAs were determined simultaneously (Figure 3(a) ). The removal efficiency of nicosulfuron was above 99% in 12 d. During the degradation, the pH decreased from 7.0 to 4.3. In the meantime, the acetic acid concentration increased to 31 mg L ) In order to control the acidification of glucose, its concentration was lowered to 100 mg L À1 and 500 mg L À1 , and the results show that the removal efficiencies of nicosulfuron were only 6.6% and 11.7%, respectively ( Figure S5 , available online). Therefore, we speculated that direct co-metabolism of nicosulfuron with glucose might not really occur. The pHs were higher than 6.5 with the addition of less than 500 mg L À1 of glucose ( Figure S5 ), whereas pH was decreased to approximately 4.0 with the addition of 5 g L À1 of glucose (Figure 3(a) ). Thus, acidic hydrolysis might be the first step for nicosulfuron degradation. Wang et al. () also indicated the degradation of tribenuron methyl (one of the sulfonylurea herbicides) was dependent on glucose concentration. They found the isolated strain BW30 converted glucose to oxalic and lactic acids, then the short-chain fatty acids attacked the sulfonylurea bridge and finally resulted in the breakdown of the tribenuron methyl molecules (due to acidic hydrolysis). In order to further check whether the degradation of nicosulfuron was completely due to hydrolysis, hydrolysis experiments of nicosulfuron without adding Klebsiella sp. Y1 were conducted, and the results are shown in Figure 3(b) . The results indicated that the hydrolysis was accelerated with Klebsiella sp. Y1. With the degradation of nicosulfuron, an intermediate of 2-amino-4,6-dimethoxypyrimidine was formed and identified. The concentration of 2-amino-4,6-dimethoxypyrimidine increased at first and then decreased (Figure 3(b) ). The calculated molar conversion ratio of nicosulfuron to 2-amino-4,6-dimethoxypyrimidine was 1:0.34, which is far less than the corresponding molar conversion ratio by pure chemical hydrolysis. From the hydrolysis experiments (Figure 3(c) ), the molar conversion ratio of nicosulfuron to 2-amino-4,6-dimethoxypyrimidine by pure chemical hydrolysis was 1:0.92 (pH ¼ 4.0). Sabadie () indicated that under acidic conditions, theoretically, the molar conversion ratio of nicosulfuron to 2-amino-4,6-dimethoxypyrimidine by pure chemical hydrolysis was 1:1. Our result was a little lower than the theoretical calculation, but it was much higher than 1:0.34, indicating that 2-amino-4,6-dimethoxypyrimidine was further degraded by Klebsiella sp. Y1. In order to verify this hypothesis, hydrolysis experiments of 2-amino-4,6-dimethoxypyrimidine under different pH conditions were conducted ( Figure S6 , available online). The results indicated that it was stable in the pH range of 3.0-7.0. Therefore, the elimination of 2-amino-4,6-dimethoxypyrimidine in Figure 3 (b) was completely due to biodegradation by Klebsiella sp. Y1. A further experiment investigating the cometabolic degradation of glucose (5 g L
À1
) and 2-amino-4,6-dimethoxypyrimidine by the Klebsiella sp. Y1 was conducted (Figure 3(d) ). It shows that 58.3% of 2-amino-4,6-dimethoxypyrimidine was biodegraded in 5 d, and its concentration was barely changed in the following days. As a conclusion, the degradation of nicosulfuron was the process of hydrolysis coupled to biodegradation. Most previous studies reported that the removal of nicosulfuron was completely attributed to biodegradation by the isolated strains, and hydrolysis was not considered (Kang et Based on the above analysis, the degradation pathway of nicosulfuron was proposed in Figure 3 (e). Firstly, glucose was converted into acetic acid in the presence of Klebsiella sp. Y1, resulting in the decrease of pH. Then, the hydrolysis of nicosulfuron was accelerated under acidic conditions. The C-N bond of the sulfonylurea bridge of nicosulfuron was attacked, resulting in the breakdown of nicosulfuron molecules. In this study, 2-amino-4,6-dimethoxypyrimidine was determined, while another intermediate 2-aminosulfony-N,N-dimethylnicotinamide was not detected. Finally, 2-amino-4,6-dimethoxypyrimidine was further biodegraded by Klebsiella sp. Y1. We believed that the removal of nicosulfuron was triggered by hydrolysis under acidic conditions and the following biodegradation of the intermediates. This was different from the previous studies (Kang et al. ; Zhang et al. ; Song et al. ) . This understanding is important for the bioremediation of nicosulfuron polluted soil, particularly for land covered by acid soil.
CONCLUSIONS
A novel bacterial strain Klebsiella sp. Y1 was isolated from the soil in a constructed wetland, and it was identified based on 16S rDNA sequence analysis. The optimal pH and temperature were 7.0 and 35 W C, respectively, for the degradation of nicosulfuron. Under the optimal conditions, the degradation of nicosulfuron could be well described by Haldane model. The optimal kinetic parameters were r max ¼ 0.05 d
À1
, K s ¼ 20.52 mg L À1 and K i ¼ 122.58 mg L
. The removal of nicosulfuron was triggered by the hydrolysis under acidic condition and followed by biodegradation of the intermediates. The acidic condition resulted from the conversion of a high concentration of glucose to acetic acid. Our results are helpful for the bioremediation of nicosulfuron contaminated soil.
